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b

Bis-squaramide receptors L1-L4 bearing a dansyl moiety were synthesised and their potential appli-
cations as fluorescent probes towards non steroidal anti-inflammatory drugs naproxen and ketoprofen
was investigated. A detailed photophysical characterization in CHzCN/DMSO solution (9 : 1 v/v) was con-
ducted and demonstrated that the two macrocyclic receptors L1 and L2 show good sensitivity towards
ketoprofen with an ON-OFF fluorescent response, while the two open chain receptors L3 and L4 behave
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similarly with the three guests considered. DFT theoretical calculations carried out on L2 and L4 as model
receptors allowed to propose a possible coordination mode towards the guests. Finally, *H-NMR spec-
troscopy in DMSO-de/0.5% water solution demonstrated that the four receptors interact with the con-
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Introduction

Environmental water pollution is today a fundamental issue in
the control and safeguard of the public health because water is
of crucial importance for life sustainability. The problem is
becoming more and more urgent due to the continuously
increasing number of chemicals released into the environ-
ment, which makes the bunch of compounds with potential
ecological and toxicological risk enormous. Among the chemi-
cals present in environmental water, emerging pollutants (EPs)
are of particular interest because they are not routinely moni-
tored. EPs are defined as “synthetic or naturally occurring chemi-
cals or any microorganisms that are not commonly monitored in
the environment but have the potential to enter the environment
and cause known or suspected adverse ecological and/or human
health effects”." For some of them the potential lethal impact
on human and wildlife endocrine systems is already known,
even when present at trace quantities.> EPs listed in European
aquatic environments account for about 700 compounds
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divided into 20 categories, the most representative being phar-
maceuticals, personal care products, endocrine disrupting
chemicals (EDCs), hormones and steroids, perfluorinated com-
pounds (PFCs), surfactants, flame retardants, plasticizers,
industrial and fuel additives, and antiseptics.’

Among pharmaceuticals, anti-inflammatory drugs are well
represented in the EPs list. In particular, non-steroidal anti-
inflammatory drugs (NSAIDs) represent a real threat for the
environment for their ubiquitous occurrence in water world-
wide and the resultant environmental implications in aquatic
ecosystems.” Among NSAIDs, naproxen (NPX)® and ketoprofen
(KET)® are particularly interesting due to their massive con-
sumption and different strategies for their removal have been
proposed, such as bacterial degradation, photo-degradation or
absorption on zeolites.” NPX and KET present a carboxylic
acid moiety that can be easily deprotonated. Indeed, they are
mostly commercialized in their anionic form as sodium or
lysine salts. These chemicals are currently determined by off-
site analysis that require collection, transportation, eventual
pre-treating of the sample, and expensive instrumentations
such as high-performance liquid chromatography (HPLC), gas-
chromatography with different detection end-units, and
specifically trained staff. Thus, providing devices able to allow
a rapid on-site detection of target analytes would have a dra-
matic impact on the environmental control with significant
economic benefits.” The development of chemical sensors has
been conceived to bypass restrictions related to classical
analytical protocols and use of conventional laboratory tech-
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niques for environmental control. While the technologic foun-
dation for chemical sensors already exists, their application to
EPs detection is complicated by the difficulty in the design of
selective receptors due to the large number and diversity of
listed EPs.® Ideally, a receptor able to bind NPX and KET in
their anionic forms should include strong hydrogen bond (HB)
donors to interact with the carboxylate moiety and an aromatic
portion able to interact with the aromatic rings of the drugs
via hydrophobic or n-stacking interactions.”*°

Among HB donor scaffolds, one of the most efficient is
squaramide (3,4-diamino-3-cyclobuten-1,2-dione derivatives),
that is a well-studied four membered aromatic unit with inter-
esting chemical and physical properties."* The applications of
squaramide derivatives range across a wide variety of chemistry
fields from medicinal chemistry to biochemistry, from
material science to organometallic chemistry, from organoca-
talysis to molecular recognition.'” Indeed, the possibility to act
as both H-bond donor and acceptor, the structural rigidity,
aromaticity, as well as the ability to form bi-directional hydro-
gen bonds confer them unique properties in binding anion
species, such as halogens and carboxylates.""'* Costa,
Ballester and co-workers proved that tailored squaramides can
be used as binding subunits for carboxylates sensing and reco-
gnition in polar hydrophilic competitive media.'*'* Moreover,
recent studies established that the increase in aromaticity
upon HB formation represents the primary driving force to
bind anions forming stable adducts, and justifies the extensive
use of the squaramide scaffold in the design of receptors and
chemosensors.””™ In addition, the coupling of two squara-
mide moieties in a macrocyclic framework reinforces the
anion binding properties of the receptor, allowing to bind in-
organic oxa-anions in water with selectivity depending on the
pH.'®2° However, to the best of our knowledge, squaramide-
based receptors have never been exploited for NSAIDs
recognition.

Starting from these considerations, we report here four new
dansylated squaramide-based receptors (L1-L4, Fig. 1) for the
binding and sensing of NPX and KET in organic media. Each
receptor contains two squaramide units connected via a di-
propylenamine spacer bearing a dansyl group as fluorescent
signaling unit linked to the central nitrogen atom. The four
receptors show different structural features: L1 and L2 have a
macrocyclic topology, whereas L3 and L4 are open-chain recep-
tors in which the two terminal squaramide units are con-
nected either to two benzyl groups to increase the area of
hydrophobic interaction (L3) or two indole rings to increase
the number of HB donor sites (L4). The non-fluorescent recep-
tor L5, reported in Fig. 1, showing the same macrocyclic topo-
logy as L1 has been studied for the sake of comparison. This
study aims at understanding how and to which extent the
molecular topology and the number of HB donors of these bis-
squaramide receptors may influence the selectivity and the sig-
naling efficiency towards the selected targets analytes NPX and
KET in their anionic forms (NPX~ and KET~, respectively,
Fig. 1). Benzoate (BzO™, Fig. 1) was also considered for the
sake of comparison.
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Fig. 1 Receptors L1-L5 discussed in the paper and targets as their
sodium salts.

Results and discussion
Synthesis

The synthetic strategy adopted to obtain receptors L1-L5 is
outlined in the ESI, Scheme S1.7 The key intermediate 4 was
synthesized starting from dansyl chloride 1 and N,N-bis(3-tri-
fluoroacetylaminopropyl)ammonium trifluoroacetate 2, syn-
thesized as reported in the literature,> and subsequent de-
acetylation of the primary amine functions under basic metha-
nolic conditions. Intermediate 4 was converted into its bis-
ethoxysquaramide derivative 6 by following a coupling reaction
with two equivalents of diethylsquarate 5. Macrocyclic systems
L1 and L2 were obtained in good yields by a modified high-
dilution Richman-Atkins cyclization® using 6 as electrophilic
difunctional intermediate and diamines 4 or 7, respectively, as
nucleophilic reagents. Open chain receptor L3 was obtained by
direct coupling of the intermediate 6 with two equivalents of
benzylamine 8 in ethanol at room temperature. Due to the
lower reactivity of aromatic amines, the receptor L4 was
obtained in two steps: (i) coupling of the diethylsquarate 5
with the 7-aminoindole 9 in the presence of a catalytical
amount of zinc triflate, and subsequently (ii) reaction of the
intermediate 10 with 4, in hot ethanol in the presence of zinc
triflate. All receptors precipitated from the reaction mixture.
L1-L3 were purified in acceptable yields by crystallization from
hot concentrated DMF solutions (see ESI for synthetic details,
'H-, >C-NMR spectra, Fig. S1-S117).
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Photophysical characterization

A detailed photophysical characterization was carried out on
L1-L5 and their ability to bind and sense BzO~, KET~ and
NPX™ as their sodium salts was evaluated.} The scarce solubi-
lity of L1-L5 in water prevented spectrophotometric and spec-
trofluorimetric studies in this solvent and in aqueous mix-
tures. Preliminary spectrophotometric and spectrofluorimetric
studies were conducted on L1-L5 in DMSO. As reported in
Fig. S12 and S13 in the ESI,} in the case of L4 no significant
changes in the absorption and the emission spectra were
observed upon the addition of increasing amounts of NPX™
and KET™. Similar results were obtained for the other recep-
tors. In order to enhance the optical response of L1-L5, we
decided to conduct the measurements in a less competitive
medium, i.e. CH;CN/DMSO solution (9:1 v/v). The absorption
spectrum in CH3;CN/DMSO solution (9:1 v/v) of L5 containing
two squaramide units shows an intense band (¢ = 51000
M 'em™") centred at 285 nm. In the case of L1, L2, and L3, a
shoulder is present in the 310-340 nm region, where the
dansyl chromophore absorbs (the dansylamide showing a
maximum at 330 nm with a e = 3800 M™' cm™"). As expected,
the absorption spectra of these receptors are very similar to
the sum of spectra of L5 and one (L2 and L3) or two (L1)
dansyl units. In the absorption spectrum of L4, the band of
the squaramide is strongly perturbed by the nearby indole
units, with the maximum being red-shifted to 335 nm - as
supported by the theoretical calculations reported below - in
coincidence with the maximum of the dansyl unit; the total
absorption coefficient at this wavelength is £ = 30500 M™"
em™" (Fig. 2).

As far as the emission spectra are concerned, at room temp-
erature in CH3CN/DMSO solution (9:1 v/v) L5 does not show
any fluorescence, while L1 (¢ = 0.77; 7 = 13,2 ns), L2 (& = 0.77;
7=12,6 ns), L3 (@ = 0.75; ¢ = 13,7 ns), and L4 (¥ = 0.095; 7 =
11,3 ns), as shown in Fig. 3, display the typical fluorescence
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Fig. 2 Absorption spectra in CH3CN/DMSO solution (9:1 v/v) of the
hosts L5 (black), L1 (red), L2 (green), L3 (yellow), and L4 (blue).

1A note on the role of the counter-cation in the spectroscopic measurements is
reported in ESL{

2970 | Org. Biomol. Chem., 2023, 21, 2968-2975

View Article Online

Organic & Biomolecular Chemistry

12000

10000

8000 1

| (ua.)

6000

4000 4

2000

400 450 500 550 600 650
A (nm)

Fig. 3 Fluorescence spectra (lexc = 350 hm) in CH3CN/DMSO solution
(9:1 v/v) of L1 (black curve), L2 (red curve), L3 (green curve), L4 (yellow
curve), and dansylamide (blue curve). The concentration was in all cases
10 pM.

band at 525 nm of the dansyl chromophore under the same
experimental conditions, as it can be observed for the dansyla-
mide (Amax = 510 nm, @ = 0.88; 7 = 12.9 ns). In all cases when
at least a dansyl unit is present, the shape of the corrected exci-
tation spectrum is similar to that of the absorption spectrum
of the dansylamide. On the contrary, the contribution attribu-
table to the squaramides is almost completely absent, indicat-
ing that no energy transfer from these units to the dansyl
moiety occurs. The absence of energy transfer between the
chromophoric units in the receptor can also explain the lower
quantum yield observed for L4, since in this case the contri-
bution of the dansyl unit to the absorption at 330 nm (the exci-
tation at which the quantum yield has been measured) can be
estimated to be only 12%, the 88% being absorbed by the
indole units.

The addition of KET™, NPX", and BzO™ as their sodium
salts to all the receptors in CH3;CN/DMSO solution (9:1 v/v)
does not cause any change in the absorption spectra, except in
the case of L4. Indeed, the only changes are due to the absorp-
tion of the added anion species (for the characteristic absorp-
tion spectra of the target guests see Fig. S14 in the ESIf). In
the case of L4, the addition of guest species causes a pro-
nounced red-shift of the absorption band to 350 nm
accompanied by an intensity increase (Fig. 4 in the case of
KET™ and Fig. S15 and S16 in the ESIf for NPX™ and BzO~,
respectively). An isosbestic point can be clearly observed in all
cases (for naproxen, an equivalent amount of the drug was
added to the reference to take into account its absorption) at
330 nm. These changes in the absorption spectra can be attrib-
uted to the involvement of the indole units in the HB for-
mation with the guest species, in agreement with what
observed in the 'H-NMR studies (see below).

Interestingly, the changes observed in the fluorescence
emission are much more relevant. In particular, the macro-
cyclic receptors L1 and L2 show a strong quenching (63% and
71% of the initial value, respectively) upon the addition of

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Absorption spectra in CH;CN/DMSO solution (9:1 v/v) of L4
(10 pM) upon addition of increasing amounts (0-5 equiv.) of KET™ as its
sodium salt.
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Fig. 5 (a) Fluorescence spectra (exc = 350 nm) in CHzCN/DMSO solu-
tion (9:1 v/v) of L1 (10 pM) upon addition of increasing amount of the
sodium salt of KET™; (b) normalized fluorescence intensity (lexc =
350 NM; Aem = 525 nm) of L1 (10 pM) upon addition of increasing
amount of ketoprofen (red circles), naproxen (green triangles), and ben-
zoate (black circles) as their sodium salt.

KET™, while their emission remains almost constant upon the
addition of NPX™ and BzO™, as shown in Fig. 5 in the case of
L1 and Fig. S17 in the ESIf in the case of L2, respectively.

From the observed quenching, we were able to determine
the association constants*® for the formation of the 1:1
adducts with KET~ of both L1 (9.4 x 10* M™") and L2 (8.3 x 10*
M™'). Together with the observed intensity decrease, the
addition of KET™ led also to a change of the excited state
decay. In particular, two different lifetimes — shorter than that
measured in absence of the guest (4.5 and 9.0 ns for L1; 2.8
and 6 ns for L2) - could be observed in the presence of KET™.

To gain additional insight into the possible interference by
other analytes, we performed titration experiments with KET™
also in the presence of BzO™, obtaining a shift in the titration
curve (Fig. 6). This shows that L1 and L2 can bind BzO™, but
its presence does not appreciably perturb the photophysical
properties of the receptors, indicating that L1 and L2 are not
selective but sensitive to KET.

The two open receptors, L3 and L4, on the contrary, while
responding in a similar way to KET™, with an intensity decrease

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Trends of emission intensities (lexc = 350 NM; Aem = 525 Nm) in
CH3sCN/DMSO solution (9: 1 v/v) of 10 pM of (a) L1 and (b) L2 upon the
addition of increasing amount of KET™ in absence (black) and in pres-
ence (red) of 10 uM of BzO™. All the intensities were normalised on the
emission of the receptors before any addition of KET™.

of 56% and 68%, respectively, underwent a drop in the fluo-
rescence intensity also upon the addition of BzO™ and NPX™ (see
Fig. $18-S25 in the ESI}). In all cases, the observed quenching of
the fluorescence of the dansyl unit is accompanied by a bi-expo-
nential decay of the excited state. The lifetimes are again in all
cases shorter than those of free receptors. In the case of L3 the
two observed lifetimes are 12.6 and 4.1 ns after the formation of
the adduct with KET~, 11.8 and 4.0 ns after the addition of BzO™,
and 10.9 and 3.8 ns in case of NPX". Interestingly, in the case of
KET", the highest pre-exponential term (the ratio is ca. 1.5) is
associated with the shorter lifetime, while in the other two cases
the opposite is true (the ratios being 4.5 and 7.5 for BzO™ and
NPX", respectively), in agreement with the higher quenching
observed with KET™ in case of L4.

Although it is well known that squaramide receptors could be
easily deprotonated by basic anions, the deprotonation was ruled
out in our case as demonstrated by the UV-Vis and fluorescence
titration performed on L1 in the presence of tetramethyl-
ammonium hydroxide (TBAOH) (see Fig. S26 in the ESIY).

The association constants between the receptors L1-L4 and
the different analytes are gathered in Table 1. In the case of
L1-L3, in which the absorbance of the receptor does not
change during the titration, the constants have been obtained
fitting the fluorescence data, while in case of L4 the associ-
ation processes have been obtained from the absorption
spectra, since following changes in the fluorescence spectra in
this case would have caused the need of suitable corrections,>®
increasing the associated errors. Similar values respect to the

Table 1 Association constants (x10%) for the formation of the 1:1
adduct in CHzCN/DMSO solution (9:1 v/v) of L1-L4 with KET~, NPX™
and BzO™ as their sodium salts. Results reported as the output of
Bindfit?42°

K, x 10" (M™)

Receptor/analyte KET™ NPX™ BzO™

L1 9.4 +0.6% n.d. n.d.

L2 8.3+£1% n.d. n.d.

L3 7.8+£0.3% 8.6 + 0.3% 2.7 £0.7%
L4 16 £ 2.5% 1.6 £ 0.6% 2.3+2.1%

Org. Biomol. Chem., 2023, 21, 2968-2975 | 2971
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first association constant could however be estimated also
from the fluorescence data.

In general, as reported in Table 1, the affinity of L3 and L4
for KET™ is similar to those of the macrocyclic squaramides L1
and L2 and comparable to that with NPX™; a slightly lower
value has been obtained for BzO~. Of note, also with these
receptors the highest intensity decrease has been observed for
KET™.

These findings demonstrate that, although none of the pre-
sented receptors binds ketoprofen selectively, their differential
response can allow designing efficient arrays for the determi-
nation of polluted samples.*”

The ability of L1 to sense ketoprofen as its sodium salt over
the other guests was thus tested performing a Strip Test by
soaking a paper in a well grinded suspension of the receptors
in ethanol. After complete drying, the paper showed, as
expected, a blue-green fluorescence under illumination with
360 nm UV lamp. Deposition of aqueous solutions of the
guests was then performed (Fig. 7), revealing that the fluo-
rescence is quenched in the case of KET™ and mixed anionic
guests, while NPX™ and benzoate have no significant effect.
Under these conditions, in order to appreciate the switching-
OFF of the fluorescence on the paper strip, substrate concen-
trations as high as 10~ M, corresponding to about 100 folds
the concentration of the sensor, are needed.

'H-NMR titration studies

In order to get an insight on the specific interactions occurring
between the receptors and the anion guests and responsible
for the optical response described above, "H-NMR titrations on
L1-L4 using DMSO-de/0.5% water as a solvent and the guests
as their sodium salts were conducted. In the case of NPX™,
titrations could not be conducted due to solubility issues. All
the receptors interacted with KET~ and BzO~ under these
experimental conditions (see Fig. S27-S34 in the ESI{).

As shown in the stack-plots in Fig. S27-S32, in the case of
L1-L3, the addition of increasing amounts of BzO™ and KET™
caused the broadening of the signals attributed to the squara-
mide NHs. However, their overlapping with the signals of the
guests in the aromatic region, prevented the calculation of
reliable association constants.

In the case of L4 we were able to clearly monitor the down-
field shift of the signals attributed to the indole NHs at
11.13 ppm and the one attributed to the squaramide NHs adja-
cent to the aliphatic chain at 7.95 ppm (although overlapping
with the aromatic signals of the receptor, at the beginning of

Fig. 7 Strip-test of L1 with addition of naproxen, ketoprofen, benzoate
and three guests mixed (illumination at 360 nm).
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the titration) throughout the titration. Indeed, upon the
addition of increasing amounts of BzO™ and KET~ both the
signals underwent a dramatic downfield shift (A5 = 1.72 and
1.89 ppm, respectively, for the titration conducted in the pres-
ence of KET ), suggesting a strong host-guest interaction.
However, by fitting the data with a 1:1 and 1:2 model by
using the open source software BindFit,>***> we were able to
calculate the association constant for the preferential for-
mation of the host-guest adduct with a 1: 2 stoichiometry.

Fig. 8 shows the stack-plot of the titration of L4 in the pres-
ence of KET (the stack plot for the titration with BzO™ is
shown in Fig. S34 in the ESIf).

To better understand the behaviour of L4 in a less competi-
tive medium and to support the spectrophotometric and spec-
trofluorimetric results, we decided to conduct the 'H-NMR
titration also in CD;CN-d;/DMSO-dg 9: 1 v/v.

As shown in the stack-plot reported in Fig. S35 and S36,f a
behaviour similar to that described above for the titrations
conducted in DMSO-d¢/0.5% water, was observed. However, it
is worth noticing that in this experimental condition, the
fitting of the data allowed us to calculate the association con-
stants for the formation of the 1:1 host-guest adduct (in
agreement with those obtained by spectrophotometric and
spectrofluorimetric studies), suggesting a strong solvent
dependence of the stoichiometry of the adducts formed by L4
with the target anions.

It is worth noticing that a deprotonation process could be
ruled out as demonstrated by the titration conducted for the
macrocyclic squaramide L1 and the open chain squaramide L4
in the presence of TBAOH (see Fig. S37 and S38 in the ESI{), in
which the NH signals completely disappeared upon the
addition of 2 equivalents of the base with respect to both the
receptors.

Theoretical calculations

Calculations were carried out at the Density Functional Theory
(DFT)**! level in order to investigate the structural and ener-
getic features of the interactions between the dansylate squara-

5 equiv —_ _———J (- J l
4 equiv ‘—L A A ——
A A A AR A
A A AN l
2equiv  ——A AN A
N An
S W
1equiv L
Yy
N\ V J T
0.2 equiv N UM
DN o AMATL

130 125 120 115 110 105 100 90 85 80 75 70 65 60

9.5
1 (ppm)

Fig. 8 Stack plot of the 'H-NMR titration of L4 (5.0 x 10~° M) in DMSO-
ds/0.5% water at 298 K in the presence of increasing molar ratios of
KETNa (0.075 M).

This journal is © The Royal Society of Chemistry 2023
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mide-based receptors and the anionic forms of the investi-
gated anti-inflammatory drugs. DFT calculations were proved
to be particularly well-suited for probing intermolecular inter-
actions involving hydrogen bonds (HB),’>** halogen bonds
(XB),**** and chalcogen bonds (ChB),**"*® providing excellent
results, comparable with those achieved by post-HF perturba-
tive methods, at an affordable computational cost. Following
the very encouraging computational results obtained for
related systems featuring XH and XB interactions,'”*>*% the
mPW1PW functional®' was used along with the Def2SVP basis
sets*” for all atomic species.

BzO™ and KET~ were chosen as model anions. For both
anions the geometry was optimized (see Fig. S40 in the ESI{)
providing a very good agreement between the available struc-
tural data and the optimized metric parameters.*> A TD-DFT
investigation revealed a very weak absorption peak at about
280 nm (monoelectronic transitions at 4.339 and 4.418 eV; f =
0.006 and 0.009, respectively) for the benzoate anion and a
broad band in the region 250-350 nm for the KET™ anion, due
to the contribution of monoelectronic transitions calculated at
287, 332, and 335 nm (4.325, 3.737, and 3.698 eV; f = 0.164,
0.038, and 0.047, respectively).

As model squaramide-based chemosensors, receptors L2
and L4 were chosen (see Fig. S41 in the ESI}). The absorption

Fig. 9 Molecular electrostatic potential (MEP) mapped on the electron
densities (0.01 |e| per Bohr®) for L2 (left) and L4. Range —0.10 (red) to
+0.18 (blue) a.u.
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spectrum simulated for L2 based on TD-DFT calculations (see
Fig. S42 in the ESI{) shows a weak absorption at 371 nm (3.34
eV; f = 0.088), due to the HOMO-LUMO monoelectronic exci-
tation, and a series of absorptions at about 250 nm resulting
in a structured peak, mainly contributed by the allowed singlet
vertical transition from the ground state (GS) to the manifold
of excited state (ES) ranging between ES #13 and ES #31. The
most intense of these transitions is the GS — ES #27 vertical
transition (4.98 eV; f = 0.341), due to a monoelectronic exci-
tation localized on the squaramide core. Notably, TD-DFT data
are in very good agreement with the experimental absorption
spectrum recorded for L2 (Fig. 2), showing the main absorp-
tion maximum at 4.35 eV. The absorption spectrum simulated
for L4 based on TD-DFT calculations (see Fig. S43 in the ESIf)
shows a main peak bathochromically shifted with respect to
that calculated for L2, in agreement with UV-Vis spectroscopic
measurements, and attributed to the singlet electronic vertical
transition from the GS to the ES #11 (4.081 eV; f = 0.504). This
transition is mainly contributed by two monoelectronic exci-
tation localized on the indol-7-yl substituent (KS-MO 204 —
208) and the squaramide core (KS-MO 206 — 210).

As expected, the maps of the electrostatic potential calcu-
lated for BzO™, KET™, L2, and L4 show the most negative
potential on the carboxylate endings of the anions, and the
most positive potentials on the squaramide NH groups of L2
and L4 (Fig. 9), suggesting that the electrostatic interaction
may drive the anions to interact with receptors by means of
HB interactions, in agreement with "H-NMR experiments (see
above).

The 1:1 adducts between the receptors L2 and L4 and the
anions BzO™ and KET~ were singly optimized to investigate the
receptor-anion interactions. For each adduct several stable
geometries were obtained, summarised in Table 2 (entries a—j;
see Fig. S44 in the ESIf) and Fig. 10 for L4-KET™ in its most
stable optimized geometry.

In general, the -COO™ group of the anions can either form
two HB interactions with the two NH of a single squaramide
or bridge two squaramide systems by forming two bifurcated
HBs. Depending on the final geometry, the indole N-H group

Table 2 Total electronic energies (E, Hartree), maximum absorption wavelength (max, NM)? and relevant molar extinction coefficient (¢, 10> M2
cm™),? adduct stabilization energies (AE, kcal mol™) and type of HB in the adducts a—j between the receptors L2/L4 and the anions BzO™/KET™ opti-

mized at DFT level

a,b

Entry Adduct E Amax € AE Main interactions

a L2-BzO™ —2721.4923 258 40 62.25 2 HB

b —2721.5026 258 47 68.68 2 bifurc. HB

c L2-KET™ —3144.0988 256 53 60.38 2 HB

d —3144.1090 256 56 66.75 2 bifurc. HB

e L4-BzO™ —3329.4688 318 33 58.39 2 HB

f —3329.4986 324 52 77.06 2 bifurc. HB + 1 intramol. HB
g —3329.4996 323 47 77.75 2 bifurc. HB + 2 ind. HB

h L4-KET™ —3752.0799 309 24 59.43 2 HB

i —3752.1047 324 52 74.96 2 bifurc. HB + 1 intramol. HB®
j —3752.1030 324 46 73.92 2 bifurc. HB + 2 ind.° HB

“ Amax and ¢ value obtained from the convolution of the electronic excitations assuming a half-bandwidth of 0.333 eV. b Jmax = 249 and 304 nm for

L2 and L4, respectively. “ HB involving the NH indole group.

This journal is © The Royal Society of Chemistry 2023
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intramol HB

Fig. 10 Optimized geometry of the most stable 1:1 adduct L4-KET~
(entry i in Table 2). The bifurcated hydrogen bonds as well as the intra-
molecular HB within L4 were evidenced. Hydrogen atoms were omitted
for clarity.

can interact with a C=O0O of the bonded squaramide or even
further strengthen the interaction with the anion with an
additional intramolecular HB. Notably, the total electronic
energies calculated for adducts of the same stoichiometry are
marginally affected by the type and number of HBs formed. In
general, the interaction of the anions with the receptor L4 pro-
vides a larger stabilization than those formed by L2.

The absorption of the receptor in the adducts has been
evaluated at TD-DFT level (Table 2).

In general, the interaction of L2 and L4 with both anions
results in a bathochromic shift (by 20 nm in the gas phase)
accompanied by an hyperchromic effect, both effect increasing
with the number of HB interactions occurring between the
receptor and the anion. Therefore, the red-shift of the
receptor absorption band and the increase in the molar
extinction coefficients observed because of the receptor-anion
interaction, represent possible parameters for the evaluation
of the sensing ability of the tested receptors towards specific
anions.

Moreover, the flexibility of the open chain squaramide L4
also allows the formation of host-guest adducts with both
BzO™ and KET™ with a 1:2 stoichiometry (see ESI for detailed
discussionst). All these findings perfectly support all the
results obtained with different spectroscopic techniques.

Conclusions

This study describes the behaviour of four fluorescent squara-
mide-based receptors providing a guideline for the realization
of chemosensors suitable for the sensing of organic carboxylic
anions, such as NSAID derivatives, which can be included in
the Emerging Pollutants list. It is worth noticing that no
examples of squramide-based fluorescent receptors for the
recognition of these important targets have been reported so
far in the literature. In particular, the paper reports four recep-
tors containing the N,N-bis(3-squarmidoylpropyl)dansylamide
motif (SQ-CH,-CH,-CH,),N-DNS as fluorescent receptive unit
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inserted in two macrocycles (L1 and L2) and two open-chain
systems (L3 and L4).

As demonstrated by 'H-NMR, UV-Vis and fluorescence
studies, all receptors interact with the selected guests (ketopro-
fen, naproxen and benzoic acid as sodium salts) in organic sol-
vents. Notably, only the macrocyclic systems L1 and L2 show a
specificity in the fluorescence response to ketoprofen. In fact,
while the open-chain receptors L3 and L4 undergo a quench-
ing of the fluorescence upon addition of ketoprofen, naproxen
and benzoate as their sodium salts, the macrocyclic systems L1
and L2 were quenched only by ketoprofen. This aspect high-
lights the role of the highly organised macrocyclic structure in
improving the specificity and/or the selectivity of a chemo-
sensor. The ability of L1 to discriminate between ketoprofen
and the other examined guests was also confirmed using a
strip-test able to work in water.

Theoretical calculations performed on receptors L2 and L4
at DFT level confirm that the stabilization of the adducts with
ketoprofen and benzoate is mediated by H-bond interactions
between the squaramidic and/or indolic NH groups (HB
donors) of the hosts and the carboxylate groups of the guests.
However, the macrocyclic backbone balances the more HB con-
tacts of L4 resulting in similar K, values.

Summarizing the results of these studies, it can be deduced
that the pre-organization and the number of H-bond donor
sites are the two main factors that should be considered in
order to design receptors able to respond to a specific anion.
Moreover, the possibility to realize chemosensors with
different response can allow for the design of efficient arrays
for the determination of polluted samples.
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